It is shown that the close connection between event horizons and thermodynamics which has been found in the case of black holes can be extended to cosmological models with a repulsive cosmological constant. An observer in these models will have an event horizon whose area can be interpreted as the entropy or lack of information of the observer about the regions which he cannot see. Associated with the event horizon is a surface gravity v which enters a classical "first law of event horizons*' in a manner similar to that in which temperature occurs in the first law of thermodynamics. It is shown that this similarity is more than an analogy: An observer with a particle detector will indeed observe a background of thermal radiation coming apparently from the cosmological event horizon. If the observer absorbs some of this radiation, he will gain energy and entropy at the expense of the region beyond his ken and the event horizon will shrink. The derivation of these results involves abandoning the idea that particles should be defined in an observerindependent manner. They also suggest that one has to use something like the Everett-Wheeler interpretation of quantum mechanics because the back reaction and hence the spacetime metric itself appear to be observerdependent, if one assumes, as seems reasonable, that the detection of a particle is accompanied by a change in the gravitational field.
I. INTRODUCTION The aim of this payer is to extend to cosmological event horizons some of the ideas of thermodynamics and particle creation which have recently been successfully applied to black-hole event horizons. In a black hole the inward-directed gravitational field yroduced by a collapsing body is so strong that light emitted from the body is dragged back and does not reach an observer at a large distance. There is thus a region of spacetime which is not visible to an external observer. The boundary of the region is called the event horizon of the black hole. Event horizons of a different kind occur in cosmological models with a repulsive A term. The effect of this term is to cause the universe to expand so rapidly that for each observer there are regions from which light can never reach him. We shall call the boundary of this region the cosmological event horizon of the observer.
The "no hair" theorems (Israel, Robinson' ') imply that a black hole formed in a gravitational collapse will rapidly settle down to a quasistationary state characterized by only three yarameters, the mass MH, the angular momentum J» and the charge Q". A black hole of a given M",J",Q" therefore has a large number of possible unobservable internal configurations which reflect the different possible initial configurations of the body that collapsed to produce the hole. In purely classical theory this number of internal configurations would be infinite because one could make a given black hole out of an infinitely large number of particles of indefinitely small mass. However, when quantum mechanics is taken into account, one would expect that in order to obtain gravitational collapse the energies of the particle would have to be restricted by the requirement that their wavelength be less than the size of the black hole. It would therefore seem reasonable to postulate that the number of internal configurations is finite. In this case one could associate with the black hole an entropy S~w hich would be the logarithm of this number of possible internal configurations. 'F or this to be consistent the black hole would have to emit thermal radiation like a body with a temperature Q2 The mechanism by which this thermal radiation arises can be understood in terms of pair creation in the gravitational potential well of the black hole. Inside the black hole there are particle states which have negative energy with respect to an external stationary observer. It is therefore energetically possible for a pair of particles to be spontaneously created near the event horizon. One particle has positive energy and escapes to infinity, the other yarticle has negative energy and falls into the black hole, thereby reducing its mass.
The existence of the event horizon would prevent this happening classically but it is possible quantum-mechanically because one or other of the yarticles can tunnel through the event horizon. An equivalent way of looking at the pair creation is to regard the positive-and negative-energy particles as being the same particle which tunnels 2738 out from the black hole on a spacelike or pastdirected timelike world line and is scattered onto a future-directed world line (Hartle and Hawking'0) . When one calculates the rate of particle emission by this process it turns out to be exactly what one would expect from a body with a temperature T"=h(2&Ac) 'z", where v" is the surface gravity of the black hole and is related to M~, JH, and Qz by the formulas "= (r. Combi:~ing this quantum-mechanical argument with the thermodynamic argument above, one finds that the total number of internal configurations is indeed finite and that the entropy is given by S"=(4G8') 'kc'A".
Cosmological models with a repulsive A term which expand forever approach de Sitter space asymptotically at large times. In de Sitter space future infinity is spacelike. "" This means that for each observer moving on a timelike world line there is an event horizon separating the region of spacetime which the observer can never see from the region that he can see if he waits long enough. In other words, the event horizon is the boundary of the past of the observer's world line. Such a cosmological event horizon has many formal similarities with a black-hole event horizon. As 
The structure of this space is shown in Fig. l in those for the r"x"horizons. They are z"=A6 '= '(r, r-)(r, r)-(r"r-,}(r, '+a') ', (2.25) ec=A6 '. '(r"r,)-(r"r)(r-"r)(r-, '+a'} '. (2.26) i.e. , I (A) A J' (3) l 5T~E'dZ = -z,5Ac(8tr) K"t')A"(8z) --Q"5J", (3.8) where &T" is the variation in the matter energymomentum tensor between the horizons in a gauge in which 5E'= 6E'=0. The propagator we have defined appears to be similar to that constructed by other authors. "' However, our use of the propaga, tor will be different: Instead of trying to obtain some observerindependent measure of particle creation, we shall be concerned with what an observer moving on a timelike geodesic in de Sitter space would measure with a particle detector which is confined to a small tube around his world line. Without loss of generality we can take the observer's world line to be at the origin of polar coordinates in region I. Within the world tube of the particle detector the spacetime can be taken as flat.
The results we shall obtain are independent of the detailed nature of the particle detector. However, for explicitness we shall consider a particle model of a detector similar to that discussed by Unruh" for uniformly accelerated observers in flat space. This will consist of some system such as an atom which can be described by a nonrelativistic Schrodinger equation where t' is the proper time along the observer's world line, B, is the Hamiltonian of the undisturbed particle detector and g(t)C is a coupling term to the scalar field P. The undisturbed particle detector will have energy levels E, and wave functions 4', (R')e 's~', where R' represents the spatial position of a point in the detector.
By first-order perturbation theory the amplitude to excite the detector from energy level E, to a higher-energy level EJ is proportional to
In other words, the ctetector responds to components of field Q which are positive frequency along the observer's world line with respect to his proper time. By superimposing detector levels with different energies one can obtain a detector response function of a form
where f(t') is a purely positive-frequency function of the observer's proper time t' and h is zero outside some value of z' corresponding to the radius of the particle detector. Let 6' be a threesurface which completely surrounds the observer's world line. If the observer detects a particle, it must have crossed 6' in some mode k& which is a solution of the Klein-Gordon equation with unit Klein-Gordon norm over the hypersurface O'. The amplitude for the observer to detect such a particle will be (4.20) where the volume integral in x' is taken over the volume of the particle detector and the surface integral in x is taken over 6'.
The hypersurface 6' can be taken to be a spacelike surface of large constant r in the past in region III and a spacelike surface of large constant r in the future in region II. In the limit that r tends to infinity these surfaces tend to past infinity 5 and future infinity d, respectively. We shall assume that there were no particles present on the surface in the distant past. Thus the only contribution to the amplitude (4.20) comes from the surface in the future. One can interpret this as the spontaneous creation of a pair of particles, one with positive and one with negative energy with respect to the Killing vector K = a/St. The particle with positive energy propagates to the observer and is detected. The particle with negative energy crosses the event horizon into region II where K is spaeelike. It ean exist there as a real particle with timelike four-momentum. . Equivalently, one can regard the world lines of the two particles as being the world line of a single particle which tunnels through the event horizon out of region II and is detected by the observer.
Suppose the detector is sensitive to particles of a certain energy E. In this case the positivefrequency-response function f(t) will be proportional to e '~'. By the stationarity of the metric, the propagator G(x', x) can depend on the coordinates t' and t only through their difference. This means that the amplitude (4.20) will be zero except for modes k& of the form X(r, 8, y) e ' '. H one takes out a 6 function which arises from the integral over t -t', the amplitude for detection is proportional to (4.21) where R' and R denote respectively (r', O', Q') and (r, 8, (t) ) and the radial and angular integrals over the functions h and X have been factored out.
Using the result derived above that G(x', x) is analytic in a strip of width me~' below the real t axis, one can displace the contour in (4.21) By time-reversal invariance the latter amplitude is equal to the amplitude for the observer s detector in an excited state to emit a particle with energy E which travels to region II. Therefore probability for detector to absorb, probability for detector to emit~~= exp 2@Ex-c ' a particle from region II a particle to region II (4.24) This is just the condition for the detector to be in thermal equilibrium at a temperature One way of dealing with this problem would be to imagine perfectly reflecting walls betweeri each -black-hole horizon and each cosmological horizon. These walls would divide the manifold up into a number of separate regions each of which could be covered by a single Kruskal-coordinate patch. In each region one could construct a propagator as before but with perfectly reflecting boundary conditions at the walls. By arguments similar to those given in the previous section, these propagators will have the appropriate periodic and analytic properties to be thermal Green's functions with temperatures given by the surface gravities of the horizons contained within each region. Thus an observer on the black-hole side of a wall will see thermal radiation with the black-hole temperature, while an observer on the cosmological side of the wall will see radiation with the cosmological temperature. One would expect that, if the walls were removed, an observer would see a n'. ixture of radiation as described above. can show that ( probability of a particle of energy E, ) (probability of a particle of energy E,) relative to the observer, propagating~=expj-(E2~gzc ')] relative to the observer, propagating l, ( from g' to observer (from observer top '( 5.4) and similarly the probability of propagating from the future singularity of the black hole will be related by the appropriate factor to the probability for a similar particle to propagate from the observer into the black hole. These results estab- observer the probability of a particle of energy E, relative to the observer, propagating to him from beyond the future cosmological horizon will be exp[-(2mgEv~')] times the probability for a similar particle to propagate from the observer to beyond the cosmological horizon. The probabilities for emission and absorption by the black hole will be similarly related except that in this case the energy E mill be replaced by E -nQH, where n is the aximuthal quantum number or angular momentum of the particle about the axis of rotation of the black hole and Q~is the angular, velocity of the black-hole horizon relative to the cosmological horizon. As in the ordinary black-hole case, the black hole will exhibit superradiance for modes for which E& nQ~. In the case that the observer is moving on the orbit of a Killing vector K which is rotating with respect to the cosmological horizon, one again gets similar results for the radiation from the cosmological and black-hole horizons with E replaced by E -nQ~and E-nQ~, respectively. %here Q~and Q~are the angular velocities of the cosmological and black-hole horizons relative to the observers frame and are defined by the requirement that K+ Q~K and K+Q~K should be null on the cosmological and black-hole horizons.
VI. IMPLICATIONS AND CONCLUSIONS
We have shown that the close connection between event horizons and thermodynamics has a wider validity than the ordinary black-hole situations in which if was first discovered. As observer in a cosmological model with a positive cosmological constant will have an event horizon whose area can be interpreted as the entropy or lack of information that the observer has about the regions of the universe that he cannot see. When the solution has settled down to a stationary state, the event horizon will have associated with if a surface gravity z which plays a role similar to temperature in the classical first law of event horizons derived in Sec. III. As mas shown in Sec. IV. , this similarity is more than an analogy' . The observer will detect an isotropic background of thermal radiation with temperature (2a) 'a coming, apparently, from the event horizon. This result was obtained by considering what an observer with a particle detector would actually measure rather than by trying to define particles in an observer-independent manner. An illustration of the observer dependence of the concept of particle is the result that the thermal radiation in de Sitter space appears isotropic and at the same temperature to every geodesic observer. If particles had an observer-independent existence and if the radiation appeared isotropic to one geodesic observer, it would not appear isotropic to any other geodesic observer. Indeed, as an observer approached the first observer's future event horizon the radiation would diverge. It seems clear that this observer dependence of particle creation holds in fhe case of black holes as well: An observer at constant distance from a black hole will observe a steady emission of thermal radiation but an observer falling info a black hole will not observe any divergence in the radiafion g, s he approaches the first-observer's event horizon.
A consequence of the observer dependence of particle creation would seem to be that the back reaction must be observer-dependent also, if one assumes, as seems reasonable, that the mass of the detector increases when it absorbs a particle and. therefore the gravitational field changes.
This will be discussed further in another paper, " but we remark here that it involves the abandoning of the concept of an observer-independent metric for spacetime and the adoption of something like the Everett-%heeler interpretation of quantum mechanics. '6 The latter viewpoint seems to be required anyway when dealing with the quantum mechanics of the whole universe rather than an isolated system.
If a geodesic observer in de Sitter space chooses not to absorb any of the thermal radiation, his energy and entropy do not change and so one would not expect any change in the solution. However, if he does absorb some of the radiation, his energy and hence his gravitational mass will increase. If the solution now settles dowg again to a new stationary state, it follows from the first law of event horizons that the area of the cosmological event horizon will be l, ess than it appeared to be before. One can interpret this as a reduction in the entropy of the universe beyond the event horizon caused by the propagation of some radiation from this region to the observer. Un- like the black-hole case, the surface gravity of the cosmological horizon decreases as the horizon shrinks. There is thus no danger of the observer's cosmological event horizon shrinking catastrophically around him because of his absorbing too much thermal radiation. He has, however, to be careful that he does not absorb so much radiation that his particle detector undergoes gravitational collapse to produce a black hole. If this were to happen, the black hole would always have a higher temperature than the surrounding universe and so would radiate energy faster than it absorbs it. It would therefore evaporate, leaving
